In plants, reproductive development requires normal meiosis, which involved several highly coordinated events. Such meiotic events are regulated in a number of ways in yeast and animal systems, including transcriptional and checkpoint control mechanisms. Although a number of mutations that affect different aspects of meiosis have been characterized in plants, very little is known about the regulation of plant meiosis at the molecular level. In particular, no meiosis-specific transcriptional regulators have been identified in plants, and checkpoint control has not been observed during plant meiosis. We report here the isolation and characterization of a new Arabidopsis male-sterile mutant that exhibits meiotic defects. Meiocytes from mutant plants appeared normal up to diakinesis, when they exhibited signs of apoptosis, including defects in chromosome behavior, cytoplasmic shrinkage, and chromatin fragmentation, followed by cell death before cytokinesis. Therefore, the mutant was named male meiocyte death1 ( mmd1 ). The MMD1 gene was cloned using Dissociation transposon tagging and encodes a plant homeo domain domain-containing protein. MMD1 is expressed preferentially during male meiosis. Our results suggest that MMD1 may be involved in the regulation of gene expression during meiosis and that the mmd1 mutation triggers cell death in male meiocytes.
INTRODUCTION
Meiosis has been characterized extensively in a number of organisms, including plants. It consists of a highly coordinated series of events, all of which are essential for the proper segregation of chromosomes. The establishment of cohesion between sister chromatids, which is essential for the correct attachment of chromosomes to the spindles, occurs during meiotic S-phase. Homologous chromosome pairing and synaptonemal complex formation and recombination occur during zygotene and pachytene, respectively. During diplonema and diakinesis, chromosomes desynapse and condense. The reorganization of chromosomes from long thin fibers into highly condensed, compact structures, which begins during leptonema and is completed during diakinesis, is one of the most striking but least understood events of meiosis. The condensin complex and topoisomerase II participate in chromosome condensation during mitosis and likely are involved in meiosis (Hirano, 2000; Cuvier and Hirano, 2003) ; however, how this process is controlled is unknown at present. Once condensed, the chromosomes align and attach to the meiotic spindle during metaphase, followed by segregation of homologous copies of each chromosome pair at anaphase I. Finally, during meiosis II, the sister chromosomes segregate in an equational division similar to that observed during mitosis.
Considerable progress has been made in understanding meiosis and elucidating factors associated with a number of meiotic events. Many meiotic processes are highly conserved among organisms (reviewed by Ashley and Plug, 1998; Dawe, 1998; Shaw and Moore, 1998; Zickler and Kleckner, 1999; Bhatt et al., 2001 ). For instance, it is clear that the mismatch repair system plays an important role during meiotic recombination in systems ranging from yeast to humans (Baker et al., 1995; Roeder, 1995; Cummings and Zolan, 1998) . Likewise, characteristics of the cohesion and condensin complexes also are well conserved across a wide range of organisms (reviewed by Gillies, 1984; Dawe, 1998; Orr-Weaver, 1999; Hirano, 2000) .
However, one aspect of meiosis that may vary significantly between organisms concerns how the cell controls the progression through the meiotic cell cycle. Regulation of the meiotic cell cycle is best understood in yeast (reviewed by Lee and Amon, 2001) , in which numerous mutations have been identified that block chromosome synapsis and/or recombination and induce pachytene arrest (Roeder, 1997; Roeder and Bailis, 2000) . The characterization of secondary mutations that bypass pachytene arrest in the presence of recombination and synapsis defects has led to the identification of a number of proteins that participate in meiotic checkpoint control mechanisms (Lydall et al., 1996; Leu and Roeder, 1999; SanSegundo and Roeder, 1999; Lindgren et al., 2001 ). The pachytene checkpoint also has been shown to operate in several other organisms, such as Drosophila , Caenorhabditis elegans , and mouse (Edelmann et al., 1996 (Edelmann et al., , 1999 Pittman et al., 1998; Ghabrial and Schupbach, 1999; Gartner et al., 2000) ; however, it has not yet been found in plants.
In Arabidopsis, maize, and other plants, genetic studies have identified a number of mutants that affect either meiocyte for-mation or the process of meiosis (Scott et al., 1991; McCormick, 1993; Chaudhury et al., 1994; Neuffer et al., 1997; Taylor et al., 1998; Sanders et al., 1999) . Mutational analyses have been used to identify genes required for the formation or differentiation of anther cells at stages before meiosis. For example, the Arabidopsis SPOROCYTELESS / NOZZLE gene, which encodes a nuclear protein with similarity to transcription factors, is critical for the formation of male and female meiocytes (Schiefthaler et al., 1999; Yang et al., 1999b) . Another gene that is required for anther cell differentiation is the EXCESS MICROSPOROCYTES1/ EXTRA SPOROGENOUS CELLS gene, which is required for the formation of the tapetum and encodes a putative receptor protein kinase (Canales et al., 2002; Zhao et al., 2002) . Furthermore, a number of meiotic mutants have been characterized that exhibit defects in one or more critical events during meiosis, including chromosome cohesion and recombination (Sato et al., 1995; Klimyuk and Jones, 1997; Doutriaux et al., 1998; Bai et al., 1999; Bhatt et al., 1999; Couteau et al., 1999; Franklin et al., 1999; Caryl et al., 2000; Grelon et al., 2001; Mercier et al., 2001; Azumi et al., 2002) .
In contrast to meiotic mutants in yeast and animals that cause meiotic cell arrest and/or cell death, most plant meiotic mutants complete meiosis and cytokinesis and produce abnormal microspores. The abnormal microspores produced in these plant meiotic mutants typically degenerate during pollen development, resulting in male sterility or reduced male fertility, suggesting that plants may not use meiotic checkpoint control. However, a number of maize male-sterile mutants have been isolated that show defects in male meiocytes, including abnormal morphology and cell degeneration before cytokinesis (Albertsen and Phillips, 1981; West and Albertsen, 1985) . Therefore, it is not clear if plant meiosis is under a checkpoint control system similar to that in yeast and animal meiosis.
As part of studies to better understand meiosis and its control in plants, we have characterized male-sterile mutants in Arabidopsis. Here, we describe the isolation and detailed characterization of one mutant, male meiocyte death1 ( mmd1 ), that exhibited alterations in meiosis that resulted in male meiocyte arrest and cell death. We show that MMD1 encodes a plant homeo domain (PHD) domain-containing protein and that it is expressed preferentially in male meiocytes. The mutant phenotype and molecular characteristics of MMD1 suggest that it may participate in chromatin remodeling and/or transcriptional events required for successful progression through meiosis.
RESULTS

Isolation and Characterization of a Male Meiotic Mutant
Arabidopsis lines carrying Dissociation (Ds) insertions were generated and screened for mutant plants that exhibit defects in fertility and meiosis. Progeny of one line (Y9287) segregated for fertile and sterile plants with a ratio of ‫ف‬ 3:1, suggesting that the parental plant was heterozygous for a recessive mutation. Mutant flowers failed to produce pollen but produced apparently normal seeds when cross-pollinated (data not shown), suggesting that the mutation affects male meiosis and/or pollen development but not female reproduction. Although most flowers resembled those of the wild type ( Figure 1A ), a fraction of flowers (30%) contained four or five stamens ( Figure 1B ) instead of the normal six stamens. In addition, the filaments of mutant flowers were consistently shorter than those of wildtype plants.
Light microscopic analysis indicated that anther development was normal through stage 8 (as defined by Smyth et al., 1990) , just before male meiosis. In particular, compared with wild-type anthers ( Figure 1C ), no alterations were observed in the epidermis, endothecium, middle layer, tapetum, or meiocytes of mutant plants before meiosis ( Figure 1D ). In anthers of stage-9 flowers, when normal male meiosis occurs to form tetrads ( Figure 1E ), the four outer layers of the anther again appeared normal in the mutant ( Figure 1F ). However, arrested and/or degenerating male meiocytes were observed in the locules of mutant plants ( Figure 1F ). In anthers of stage-10 flowers from wild-type plants, tetrads ( Figure 1G ) and developing microspores were observed. By contrast, only shrunken and collapsed male meiocytes were observed in stage-10 and later flowers from the mutant ( Figure 1H ). Tetrads were not observed in the anthers of mutant plants, suggesting that meiocytes fail to undergo cytokinesis. Because no alterations were observed in the remaining four layers of the anther before, during, or after defects were observed in meiocytes, other aspects of anther development seem normal in the mutant. However, we cannot exclude the possibility that subtle alterations in anther development were present and not detected. Because the main defects associated with the mutant were meiotic arrest and cell death in male meiocytes (see below for more details), we named the mutant mmd1 for male meiocyte death1 .
To further understand the major effect of the mmd1 mutation, male meiosis in mmd1 plants was analyzed using 4 Ј ,6-diamidino-2-phenylindole (DAPI) staining of spreads of meiotic chromosomes and was compared with wild-type meiosis (Ross et al., 1996; Bai et al., 1999; Azumi et al., 2002) . Wild-type chromosomes displayed characteristic morphologies at leptotene (Figure 2A) , zygotene ( Figure 2B ), pachytene ( Figure 2C ), diakinesis ( Figure 2D ), metaphase I ( Figure 2E ), early anaphase I ( Figure  2K ), and meiosis II ( Figures 2L to 2N ). We found that mmd1 male meiocytes underwent meiosis with normal chromosomal morphology during early meiosis, including leptotene ( Figure 2F ), zygotene ( Figure 2G ), and pachytene ( Figure 2H ), indicating that chromatid cohesion and homologous chromosome pairing is relatively normal in the mutant. At diakinesis, ‫ف‬ 30% of cells contained five relatively normal-looking bivalents. However, most cells at diakinesis were abnormal. They contained one to six groups of chromosomes, with four being the most numerous ( ‫ف‬ 50%) ( Figure 2I ), suggesting that two pairs of chromosomes often are associated abnormally with each other. Cells containing four groups of chromosomes also were observed commonly at metaphase I and anaphase I ( Figures 2J and 2P) .
Regardless of chromosomal morphology, all mmd1 cells observed at diakinesis exhibited signs of cytoplasmic shrinkage ( Figures 2AA to 2DD ), indicating that they are clearly defective by this stage. This finding is in contrast to the results seen in mmd1 meiocytes before diakinesis, which did not exhibit cytoplasmic shrinkage ( Figure 2Z ). Some mmd1 meiocytes appeared to arrest and undergo nuclear degradation at diakinesis ( Figure 2U ), whereas others progressed past diakinesis and exhibited several different alterations. Cells with fewer than five bivalents were observed at metaphase I and early anaphase I ( Figures 2J and 2P ). Uneven distribution of chromosomes, chromosome bridges, and chromosome fragmentation also was observed ( Figures 2V to 2X ). These defects in chromosome segregation may result from alterations in the resolution of nonhomologous chromosomes observed at diakinesis. Small numbers of meiocytes also were observed at metaphase II and at anaphase II/telophase II with two or three clusters of degrading chromosomes ( Figures 2R and 2S ), suggesting that in some cells chromosomes are able to complete meiosis I and progress into meiosis II. Finally, a considerable number of collapsing cells were observed with two to four DAPI-staining areas (data not shown). In these cells, which typically were surrounded by a thin callose wall, vesicles sometimes were observed partitioning the cytoplasm ( Figure 2T ), in contrast to the typical cell membrane and callose wall that surrounded wild-type cells at the tetrad stage ( Figure 2O ). No evidence of cytokinesis or the formation of the callose wall associated with cytokinesis was observed in mmd1 meiocytes. Ultimately, all mmd1 meiocytes underwent nuclear degradation and collapse before anthesis. In contrast to most meiotic mutants characterized in plants, microspores were not formed in mmd1 plants.
One of the more notable alterations during meiosis in mmd1 meiocytes was observed from telophase I to telophase II. In wild-type meiocytes, a distinct organelle band formed between the separated chromosomes along what would become the division plane (Figures 2L and 2M) . This organelle band was not observed in meiocytes of mmd1 plants ( Figures 2Q to 2S ), although DAPI-staining material was detected in the cytoplasm. Therefore, it is not clear whether the organelles are degraded in the mutant or just dispersed throughout the cytoplasm. The absence of an organelle band in mmd1 meiocytes may be associated with the failure of meiocytes to form normal cell/callose walls during cytokinesis. It is worth noting that programmed cell death in animal cells often is associated with mitochondrial degeneration (Green and Reed, 1998) .
Our observation that mmd1 meiocytes exhibited cytoplasmic shrinkage and signs of chromosome degradation at diakinesis raised the possibility that the mutation may evoke a meiotic checkpoint control mechanism, which may arrest meiosis or cause a delay in the progression of meiosis. To investigate this possibility, we examined the distribution of meiocytes at various substages of prophase I in stage-9 flowers and compared these numbers with those observed for wild-type plants. When data from samples containing only or largely prophase I cells were analyzed, we found that in wild-type anthers (six flowers), nearly half of the meiocytes (1374 of 2885) were pachytene cells ( Figure 3 ). Moderate numbers of cells at zygotene (29%) and diakinesis (13%) were observed, with considerably fewer cells at leptotene (7%) and diplotene (2%). A similar distribution of meiotic cells during prophase was reported previously for wild-type Arabidopsis (Azumi et al., 2002) . By contrast, a dramatically different distribution of prophase I substages was observed in stage-9 flowers from mmd1 plants. Of the 3874 cells observed from nine flowers, ‫ف‬ 40% were at diakinesis, with progressively fewer cells observed at diplotene (25%), pachytene (21%), zygotene (12%), and leptotene (2%). These results suggest that in contrast to wild-type meiocytes, which move relatively quickly through diplotene and diakinesis, mmd1 male meiocytes are delayed starting at diplotene, consistent with the idea that the mutation may invoke a checkpoint control mechanism. However, at present, we cannot exclude the alternative possibility that mmd1 meiocytes move more quickly through early stages of prophase.
In contrast to the alterations in male fertility observed in mmd1 plants, female fertility appeared to be relatively normal. Nevertheless, we examined female meiosis in wild-type and mmd1 mutant plants. At least 150 female meiocytes ranging from early prophase I to telophase II were examined in mmd1 plants and compared with wild-type meiocytes. Female meiosis appeared completely normal in mmd1 plants (data not shown). Therefore, the mmd1 mutation disrupts male meiosis starting at approximately diakinesis in microsporocytes but does not affect female meiosis.
Male Meiocytes in mmd1 Plants Undergo Chromosome Fragmentation
Several characteristics of meiocytes in mmd1 plants, including cytoplasmic shrinkage and chromosome degradation, are typical of cells undergoing apoptosis, a process used by both animals and plants for the selective elimination of damaged or otherwise unwanted cells (Ellis et al., 1991) . One hallmark of cells undergoing apoptosis is the cleavage of nuclear DNA into fragments (Cohen et al., 1994) . To determine whether mmd1 male meiocytes contain fragmented chromosomes, TdT-mediated dUTP nick-end labeling (TUNEL) assays were conducted on sections of developmentally staged wild-type and mmd1 anthers as well as isolated male meiocytes. TUNEL labeling was not observed in male meiocytes (n Ͼ 100) of wild-type plants at any stage ( Figures 4A to 4D ), indicating that the assay was not sensitive enough to detect the low level of doublestrand breaks that occurs normally during recombination. In addition, labeling was not found in male meiocytes (n Ͼ 150) of mmd1 plants before early diakinesis ( Figures 4E and 4I) .
By contrast, TUNEL labeling of DNA was first detected at approximately mid to late diakinesis in mmd1 male meiocytes ( Figure 4J ), which is consistent with when we first observed cytoplasmic shrinkage in mmd1 meiocytes. Strong labeling was observed in cells at metaphase I and anaphase I and in cells arrested at diakinesis and the dyad stage ( Figures 4K, 4L, 4Q , and 4R). Labeling was observed typically throughout the chromosomes in these cells. Weak labeling also was detected in degenerating meiotic cells from anthers of stage-10 flowers ( Figures 4S and 4T) . The labeling patterns of these cells typically appeared as foci concentrated around the periphery of the nucleus. The foci also stained positive with DAPI and propidium iodide, confirming that they contained DNA. This finding is reminiscent of the apoptotic bodies-membrane-bound bodies that contain fragmented DNA-that are observed in animal cells undergoing apoptosis (Bursch et al., 1990) . The TUNELpositive results, coupled with the cytoplasmic shrinkage and the lack of an organelle band in degenerating mmd1 male meiocytes, are consistent with the hypothesis that they are apoptotic. However, we cannot exclude the possibility that TUNEL labeling is the result of cell death unrelated to a specific apoptosis-related pathway.
The mmd1 Mutation Was Caused by a Ds Insertion
Genetic and DNA gel blot analyses indicated that the mmd1 mutant contained a single Ds insertion that was linked with the sterility phenotype (data not shown). For convenience, this Ds element is designated Ds-mmd1. A series of thermal asymmetric interlaced PCRs (Liu et al., 1995) was used to isolate the Ds-mmd1 insertion site. These experiments, along with DNA gel blot analyses, indicated that Ds-mmd1 has an unusual rearranged structure (our unpublished data). Searches of the Arabidopsis database with genomic sequences flanking Ds-mmd1 showed that the insertion was in a predicted gene, At1g66170 ( Figure 5A ). DNA gel blot hybridization with a wild-type probe confirmed that this gene is disrupted by the Ds insertion (data not shown).
To determine whether Ds-mmd1 caused the meiotic defects observed in mmd1 plants, further linkage analysis was performed. PCR with Ds and plant-specific primers indicated that all 63 sterile plants analyzed were homozygous for the Ds-mmd1 insertion, demonstrating a linkage of Ͻ1 centimorgan between the sterility defect and the Ds insertion. Furthermore, revertant analysis was conducted to ascertain if the Ds-mmd1 insertion caused the sterility defect observed in mmd1 plants by searching for fertile flowers and elongated siliques on mutant plants carrying an active Activator (Ac). Of the 58 mmd1 mutant plants examined, 26 produced one or more elongated siliques, whereas mutant plants lacking Ac produced none. Flowers of one large revertant sector produced significant amounts of pollen, demonstrating that the fertility was caused by reversion and not by cross-pollination. The progeny of six independent revertant sectors were planted and segregated for both wildtype and mutant plants. DNA sequence analysis of PCR fragments flanking the Ds insertion site in plants from 10 indepen- The number of cells at each stage is shown above the appropriate bar. The mmd1 stages were assigned based on chromosome condensation and overall chromosome morphology. dent reversion events identified only the wild-type sequence, suggesting that restoration of the wild-type MMD1 sequence might be required for functional reversion.
Complementation experiments also were performed. A 4.8-kb wild-type genomic DNA fragment containing MMD1 and 1.5 and 1.0 kb of upstream and downstream DNA, respectively, was introduced into a segregating population of mmd1 plants. Thirtysix transgenic plants were obtained and analyzed for the presence of the complementation clone and Ds-mmd1. PCR using Ds and MMD1 primers showed that of 36 transgenic plants analyzed, 9 were homozygous for Ds-mmd1, 10 were heterozygous, and the remaining 17 were wild type. All of the nine mmd1 homozygous lines were confirmed to contain the complementation clone. Of these nine lines, two lines were com- (Wilson et al., 2001 ); HAT3.1, an Arabidopsis homeobox protein (Schindler et al., 1993) ; DIO-1, death-associated transcription factor (Garcia-Domingo et al., 1999) ; ASH1, a putative chromosome-remodeling factor (Nakamura et al., 2000) ; ZMHOX2a, a maize homeobox gene (Klinge et al., 1996) ; MLL5, human MIXED-LINEAGE LEUKEMIA5 protein (Emerling et al., 2002) . Conserved PHD consensus sequences are shown as open boxes.
pletely fertile, three lines were semifertile, and four lines were sterile (data not shown). Therefore, male sterility can be restored by the 4.8-kb fragment containing a wild-type copy of MMD1. At this time, it is not clear why several of the lines showed no or partial restoration of fertility; however, it is possible that the transgene may not be expressed properly in these lines.
MMD1 Encodes a Novel PHD-Containing Nuclear Protein
Sequence analysis of a cDNA clone isolated using reverse transcriptase-mediated (RT) PCR confirmed the predicted gene structure of MMD1 and indicated that the transcript encodes an 80.8-kD protein ( Figure 5B ) that contains a C-terminal PHD domain ( Figure 5C ). Basic Local Alignment Search Tool (BLAST) searches identified limited similarity between MMD1 and a number of proteins that contain PHD domains, including MALE STERILITY1 (MS1), a protein that was shown recently to be required for pollen development in Arabidopsis (Wilson et al., 2001) , and two predicted gene products (At2g01810 and At1g33420) in the Arabidopsis genome. Similarity between MMD1, MS1, and the two predicted proteins spans the entire length of the proteins and ranges from 26 to 35% overall identity. Although the greatest similarity is found in the C-terminal PHD domain, two other highly conserved domains (Ͼ50% over ‫03ف‬ to 40 amino acids) are found in the middle of the proteins. After the three PHD domain-containing Arabidopsis proteins, MMD1 exhibited the greatest similarity (50% over 88 amino acids) with the PHD domain of the human MIXED-LINEAGE LEUKEMIA5 protein, which is a homolog of Drosophila TRITHO-RAX (Emerling et al., 2002) . However, with the exception of the presence of a PHD domain, MMD1 does not contain any other motifs or similarities to provide insight into its function.
The predicted protein also contains two potential nuclear localization signals (amino acids 11 to 15 and 432 to 435), suggesting that the protein is targeted to the nucleus. To investigate this possibility, a translational fusion of MMD1 to ␤-glucuronidase (GUS) was generated for transient expression in plant cells driven by the 35S promoter. Introduction of the MMD1-GUS fusion into onion epidermal cells by particle bombardment resulted in GUS staining in the nucleus ( Figure  6 ). By contrast, GUS was found throughout the cell in control bombardments with the vector alone ( Figure 6 ). Nuclear targeting of MMD1 is consistent with the observations that it is essential for meiosis and that it contains a PHD domain, which often is found in proteins that participate in chromatin remodeling.
The MMD1 Transcript Accumulates Preferentially in Male Meiocytes
To obtain additional clues about the mechanism of MMD1 function, we analyzed its expression pattern. MMD1 transcripts were not detectable on RNA gel blots of poly(A ϩ ) RNA (1.5 g) isolated from various Arabidopsis organs, including flower buds (data not shown), indicating that MMD1 is expressed at low levels. Using RT-PCR, MMD1 transcripts were detected only in RNA samples from young buds (24 cycles of PCR; Figure 7 ). However, 45 cycles of amplification also resulted in the detection of MMD1 transcripts in RNA samples from roots, leaves, and seedlings (data not shown). Therefore, MMD1 transcript levels were highest in floral buds. Amplification was not obtained with bud RNA isolated from mmd1 plants (Figure 7) , indicating that the Ds element completely inactivated MMD1 expression.
The temporal and spatial expression patterns of MMD1 in flowers were determined by RNA in situ hybridization experiments. Our results show that MMD1 transcripts were below detection levels in reproductive meristems, early floral primordia, and floral buds before the formation of meiocytes ( Figures 8A  and 8B ). Approximately at the time of male meiosis, MMD1 transcripts clearly were present inside anther locules in areas corresponding to meiocytes but not in other anther tissues or other organs ( Figures 8C and 8D ) or in postmeiotic anthers ( Figure 8E ). Binding of both the antisense and sense (negative control) probes to the sepals also was observed. This nonspecific sticking of RNA probes to sepals has been reported previously (Yanofsky et al., 1990; Chen et al., 2002) . These observations indicate that MMD1 transcripts are highest in male meiocytes at approximately the time of meiosis. 
DISCUSSION The MMD1 Gene Is Required for Normal Male Meiosis
The mmd1 mutant is male sterile but female fertile. The mutation has its greatest effect on meiosis. Male meiosis appeared to proceed normally in mmd1 plants through pachytene. No alterations were observed in Ͼ1300 cells observed in leptotene, zygotene, and pachytene. In particular, sister chromosome cohesion and the synapsis of homologous chromosomes appeared normal in meiotic chromosome spreads of mmd1 meiocytes (Figure 2) . Consistent with our conclusion that mmd1 meiocytes proceed normally through pachytene was our observation that the distribution of SYN1, the meiotic cohesin protein (Bai et al., 1999) , was normal on mmd1 meiotic chromosomes up to diakinesis, when chromosomes began to exhibit signs of fragmentation (data not shown). At approximately diakinesis, male meiocytes began to exhibit a general breakdown in meiosis and signs of cell death, including cytoplasmic shrinkage and chromatin fragmentation. Numerous meiotic defects were observed in mmd1 male meiocytes beginning at diakinesis, including alterations in chromosome condensation and difficulties in resolving nonhomologous chromosomes, which resulted in missegregation of chromosomes, chromosome bridges, and fragmentation of chromosomes at anaphase I. In addition, mmd1 meiocytes lacked the distinctive organelle band found in normal meiocytes from telophase I to telophase II. Male meiocytes in mmd1 plants arrested at various stages of meiosis I and II, and none of them underwent cytokinesis. All of our analyses indicate that alterations associated with the mmd1 mutation are first manifest at diakinesis. However, we cannot exclude the possibility that minor alterations in an earlier stage of meiosis may be present in mmd1 meiocytes.
To our knowledge, mmd1 is the only example of a meiotic mutation in Arabidopsis that exhibits apoptosis-like phenotypes before cytokinesis. However, several maize male-sterile mutants have been isolated that show abnormal male meiocyte morphology and cell degeneration. For example, in ms8 mutants, meiotic defects are observed as early as leptotene; a few pollen mother cells complete meiosis, but microspores degenerate soon afterward (Albertsen and Phillips, 1981) . In ms22 mutants, male meiocytes begin to degenerate before pachytene, and cells generally are not observed beyond meiosis I (West and Albertsen, 1985) . The ms23 mutation also causes cellular arrest beginning in meiosis I, with some cells progressing into meiosis II; cells with cytoplasmic degeneration, similar to mmd1, also were observed (West and Albertsen, 1985) . Further analyses are needed to better understand the phenotypes of these maize mutants and to determine if any of the mutations occur in genes related to MMD1.
In contrast to the meiotic defects observed during male meiosis, no alterations were detected during female meiosis, and female fertility appeared normal in mmd1 plants. In addition, no alterations were observed in the epidermis, endothecium, or middle layer of the anther. These observations, along with the fact that MMD1 transcripts were detected mainly in male meiocytes, suggest that MMD1 is essential only for male meiosis. However, very low levels of MMD1 transcript were detected in other tissues, raising the possibility that it may play an additional minor role outside of male meiosis. Consistent with this possibility is our observation that 30% of mmd1 flowers contained abnormal numbers of stamens and that filaments in mmd1 flowers were somewhat shorter than those in wild-type flowers. This finding suggests that mmd1 also could play a minor role in flower development.
Does the Absence of MMD1 Trigger Meiotic Cell Cycle Control and Associated Apoptosis?
The apoptosis-like phenotypes of mmd1 meiocytes raise the possibility that the mutation may activate a meiotic cell cycle checkpoint and trigger a cell death pathway. This is rare for a plant meiotic mutant. There are many examples of meiotic mutations that activate cell cycle control mechanisms in other organisms. Numerous meiotic mutations that block chromosome synapsis and/or recombination induce pachytene arrest in yeast (Roeder, 1997; Roeder and Bailis, 2000) . The pachytene checkpoint also has been shown to operate in several other organisms, including Drosophila (Ghabrial and Schupbach, 1999) , C. elegans (Gartner et al., 2000) , and mouse (Edelmann et al., 1996 (Edelmann et al., , 1999 Pittman et al., 1998) . However, mutations in genes that trigger pachytene arrest in yeast, worms, and mice do not appear to activate a typical meiotic checkpoint in plants. This finding suggests that plants do not use the same meiotic checkpoint control mechanisms. Several Arabidopsis mutants have been identified that appear to affect meiotic cell cycle progression (Yang et al., 1999a; Siddiqi et al., 2000; Magnard et al., 2001; Azumi et al., 2002) ; however, most studies of meiotic mutants have not compared the distribution of meiocytes at various stages of meiosis. Therefore, it is possible that alterations in chromosome synapsis and/or recombination may trigger a prophase I checkpoint in plants but that after a brief arrest the meiocytes proceed through prophase I to ultimately produce polyads. The observation that most plant meiotic mutants do not trigger meiotic arrest led us to speculate that the cell death associated with mmd1 meiocytes is not the result of a typical meiotic cell cycle control response, as observed in worms and mice (reviewed by Cohen and Pollard, 2001) .
It is possible that the mmd1 mutation may trigger a checkpoint control mechanism other than the classic meiotic checkpoint. For example, mutations in mice that cause telomere dysfunction trigger a germ cell surveillance system that results in developmentally regulated germ cell apoptosis (Hemann et al., 2001 ). There also is a strong possibility that the mmd1 mutation does not trigger a checkpoint control mechanism of any kind. Rather, MMD1 may be responsible for repressing a male meiocyte cell death pathway. Likewise, the mutation may disrupt chromatin structure, cellular transcription patterns, and/or protein degradation in male meiocytes in a way that directly or indirectly triggers cell death.
What Is the Role of MMD1?
Insight into potential roles of MMD1 comes from its expression patterns, predicted protein sequence, and the phenotype of mmd1 plants. MMD1 is expressed mainly in male meiocytes. Consistent with this fact, mmd1 plants exhibit a general breakdown of male meiosis beginning at diakinesis that results in cell death before cytokinesis. Finally, a transiently expressed MMD1-GUS fusion protein is localized to the nucleus. These observations, coupled with the presence of a PHD domain in MMD1, raise the possibility that it may participate in chromatinremodeling events associated with either chromosome condensation or possibly meiotic gene expression. PHD domains often are found in transcriptional regulatory proteins and proteins associated with chromatin-remodeling complexes. They have been proposed to mediate protein-protein, protein-DNA, and protein-RNA interactions (Aasland et al., 1995) . In animals, PHD domains are found in a number of transcriptional regulators, including members of the Polycomb and Trithorax groups of proteins (reviewed by Kennison, 1995) . They also have been identified as components of the RNA polymerase II TFIID complex (Gangloff et al., 2001 ) and chromatin-remodeling complexes (Bochar et al., 2000; Halback et al., 2000; Loewith et al., 2000; Schultz et al., 2001) . In plants, PHD domains have been identified in a regulator of defense genes (Korfhage et al., 1994) , a putative transcriptional regulatory protein required for proper development and fertility (Mussig et al., 2000) , and a chromatin-remodeling protein that regulates the transition from embryonic to vegetative development (Ogas et al., 1999) .
Recently, PHD domains were found to be associated with E3 ubiquitin ligase activity. Several PHD-containing viral proteins that are targeted to cellular membranes and the cytosol have been shown to function as E3 ubiquitin ligases (Cosoy and Ganem, 2003) . In addition, MEKK1, a cellular mitogen-activated protein kinase kinase kinase that phosphorylates several different mitogen-activated kinases contains a PHD domain and has E3 activity (Lu et al., 2002) . To date, all PHD domain-containing proteins that exhibit E3 ligase activity are membrane or cytosol localized and contain a conserved Trp residue between Cys-6 and Cys-7 of the PHD domain. MMD1 lacks the conserved Trp and is localized to the nucleus; therefore, it more closely resembles proteins that are associated with transcriptional regulation and/or chromatin-remodeling events.
To date, PHD domain-containing proteins have not been linked with chromatin-remodeling events associated with chromosome condensation during either mitosis or meiosis. However, it should be noted that although it is clear that topoisomerase II and the condensin complex are required for chromosome condensation (Hirano, 2000; Cuvier and Hirano, 2003) , very little is known about how the extended chromatin fibers ultimately are folded into condensed chromosomes during mitosis or meiosis in any organism. If MMD1 is required for chromosome-remodeling events during meiotic chromosome condensation, this would be the first example of a PHD-containing protein that functions in this manner.
As discussed above, Arabidopsis contains four MMD1-related genes, including MS1, which is required for microspore development (Wilson et al., 2001) . In ms1 plants, microsporogenesis apparently is normal until microspore release from tetrads, when the microspores and tapetal cells exhibit signs of cytoplasmic degeneration followed by cell death. TUNEL experiments were not conducted with the ms1 mutant; therefore, it is not clear whether chromosome fragmentation occurs in ms1 microspores or tapetal cells. Like mmd1, the ms1 mutation does not appear to affect female fertility. The presence of two additional MMD1/MS1-related genes in the Arabidopsis genome raises the possibility that they represent a family of proteins that are required to control gene expression during microsporogenesis and microgametogenesis. Alternatively, these proteins may play a role in repressing cell death in specific cell types. Currently, we are characterizing mmd1 plants in more detail and examining plants with mutations in other MMD1/ MS1-like genes to investigate these possibilities.
METHODS
Generation of Dissociation Insertional Lines, Isolation of the mmd1
Mutant, and Reversion Analysis
Plants used in this study were of the Arabidopsis thaliana ecotype Landsberg erecta. They were grown in the greenhouse or growth chambers with a 16-h-light/8-h-dark cycle at 22 to 24ЊC. Seeds were plated onto Murashige and Skoog (1962) agar medium with or without appropriate antibiotics under continuous light at 22ЊC.
Arabidopsis Dissociation insertional lines were generated according to Sundaresan et al. (1995) . Approximately 2000 F1 seeds from crosses between Ds-and Activator (Ac)-carrying lines were planted and allowed to self-pollinate. F2 seedlings from individual families were screened on agar plates containing 0.4 mg/L naphthalene acetamide and 50 mg/L kanamycin. Double-resistant seedlings were transferred to soil, grown to maturity, and allowed to self-pollinate. F3 plants of one line, Y9287, segregated for sterile plants and were investigated further.
Putative revertant sectors were identified as fertile siliques on otherwise sterile F2 plants carrying both the mmd1 mutation and a recombinant Ac element, Ac1 (Sundaresan et al., 1995) . Their seeds were harvested separately for further analysis. Genomic DNA from individual revertant progeny was isolated, and the sequence spanning the Ds insertion site was determined from PCR fragments with gene-specific primers (oMC465 and oMC462) that flanked the Ds insertion site.
PCR was conducted on DNA isolated from 63 sterile plants segregating from a cross between mmd1 and wild-type Columbia plants to test linkage between the Ds and male sterility. Two gene-specific primers flanking the Ds insertion site, oMC462 and oMC465, and a Ds-specific primer, oMC432, were used in separate PCR procedures to determine if the plants contained the mutant mmd1 or the wild-type MMD1 allele.
Phenotypic Characterization of Meiocytes
The chromosome spreads of male meiocytes were prepared essentially according to Ross et al. (1996) and stained with 10 L of 4Ј,6-diamidino-2-phenylindole (1 g/mL). Female meiosis was analyzed essentially as described (Armstrong and Jones, 2001) using floral buds at stages 10 to 11 (Smyth et al., 1990) . Sections (7 m) of wild-type and mmd1 inflorescences were prepared, stained with 1% toluidine blue, and visualized essentially as described (Peirson et al., 1996) . Fragmentation of chromosomes in mmd1 male meiocytes was investigated using the TdT-mediated dUTP nick end-labeling apoptosis detection system (Promega) according to the manufacturer's instructions essentially as described (Balk and Leaver, 2001) . DNA was counterstained with propidium iodide (Peirson et al., 1997) . Fluorescent signals were viewed using a PMC200 confocal microscopy system (Nikon, Melville, NY).
Isolation and Characterization of MMD1 Genomic and cDNA Clones
Genomic DNA was isolated from wild-type and individual heterozygous and homozygous mmd1 plants using the cetyl-trimethyl-ammonium bromide method (Stewart and Via, 1993) . Thermal asymmetric interlaced PCR (Liu et al., 1995) was used to amplify the genomic DNA adjacent to the Ds element using the degenerate primer AD4 (Liu et al., 1995) and the nested Ds-specific primers oMC435, oMC432, and oMC433 near the 3Ј end of the Ds-mmd1 insertion.
The MMD1 cDNA was amplified in successive rounds of PCR using the primer pairs oMC465/oMC473 and oMC465/oMC472 on first-strand cDNA generated by reverse transcription with an oligo(dT) adaptor primer (oCM162) on poly(A ϩ ) RNAs isolated from wild-type buds ( Figure  5A ). The 3Ј end of the mmd1 cDNA was amplified using primer oMC468 and the adaptor primer (oCM176). Amplification products were cloned and sequenced. The Arabidopsis BAC clone F15E21 was obtained from the Arabidopsis Stock Center (Columbus, OH). Primers used in this study are described in Table 1 .
The Ds insertion site was analyzed by DNA gel blot hybridization with ␣-32 P-dCTP-labeled probes for either the Ds element (1.8-kb EcoRI fragment) or the MMD1 genomic locus (2.4-kb PCR-derived genomic clone). Hybridized membranes were exposed to x-ray film.
A 4.8-kb wild-type genomic DNA fragment containing MMD1 and 1.5 and 1.0 kb of upstream and downstream DNAs, respectively, was cloned into the plant transformation vector pCAMBIA1390 (Hajdukiewicz et al., 1994) . The resulting plasmid, pCAM-MMD4.8, was introduced into the Agrobacterium tumefaciens line GV3101 and transformed into a segregating population of wild-type and mmd1 plants using the floral-dip method (Clough and Bent, 1998) . Seeds were harvested and germinated on Murashige and Skoog (1962) medium containing either 35 mg/L hygromycin only or both hygromycin and 50 mg/L kanamycin. Thirty-six independent transgenic plants were obtained. PCR with two Ds-specific primers (Ds3-1 and Ds5-1) was used to detect the presence of the Ds, whereas PCR with the gene-specific primers 287-2 and oMC462 flanking the Ds was used to determine if the plants were heterozygous or homozygous for the Ds. The presence of the MMD1 transgene was verified using PCR with a vector primer (oMC441) and oMC468.
Expression Studies and Protein Localization
MMD1 expression was analyzed using the One-Step reverse transcriptase-mediated PCR kit (Promega). Equal amounts of poly(A ϩ ) RNA (150 ng) from unopened buds of mmd1 plants and from roots, leaves, stems, and buds of wild-type plants were subjected to reverse transcriptase-mediated PCR with the gene-specific primers oMC465 and oMC470. Control experiments were conducted with a primer pair (oCM017 and oCM267) that amplified a similar-sized fragment of GLYOXALASE2-2, a gene that is expressed ubiquitously in plants (Maiti et al., 1997) . Amplification products were examined by DNA gel blot analysis, and radioactivity was detected using a Molecular Dynamics PhosphorImager (Sunnyvale, CA).
In situ RNA hybridization experiments were performed as described previously (Drews et al., 1991) . Sense and antisense RNA probes were synthesized using full-length MMD1 cDNA cloned into pGEM-T vector (pGEMT-MMD1). Sense RNA probe was transcribed by T7 RNA poly- 5Ј-CCCTTCAGTGAACGTTATTAGTTC-3Ј 3 Ј end thermal asymmetric interlaced PCR primer for amplifying genomic DNA flanking the Ds oMC432 5Ј-GTGTCGTAGATACTAGCCCCT-3Ј Nested primer for oMC435 oMC433 5Ј-GCGCTCTATCATAGATGTCGC-3Ј Nested primer for oMC435 and oMC432 oMC465 5Ј-CGTCTCCATCGAAGCTAAAA-3Ј Forward primer for cDNA synthesis and gene expression oMC462 5Ј-ACAAACCTGTGCAACGACAG-3Ј Revertant analysis and transgenic plant confirmation oMC470 5Ј-CTCTGAAAGTCTTCAAGTGTC-3Ј Reverse primer for gene expression by RT-PCR oMC473 5Ј-GACTTTACAAAAGATAGTTTTCTTCAG-3Ј Reverse primer for cDNA isolation oMC472 5Ј-GGCAAACAAATCACATATACAATTTGG-3Ј Nested primer for oCM473 oMC468 5Ј-CCATTGAAACCTGGAGCTGAC-3Ј Transgenic plant analysis in complementation experiment oCM017 5Ј-GATAATGGTGACAAGCTGAC-3Ј Forward primer for transcript detection of GLYOXALASE2-2 by RT-PCR oCM162 5Ј-CGAGGATCCTCGAGTCGACGCT(dT) 17 -3Ј Adaptor-oligo(dT) primer for cDNA synthesis oCM176 5Ј-CGAGGATCCTCGAGTCGACGCT-3Ј Adaptor primer for cDNA cloning oCM267 5Ј-ATCAATTGGCGACTTGCAACCG-3Ј Reverse primer for transcript detection of GLYOXALASE2-2 by RT-PCR oCM441 5Ј-ATCGCAATGATGGCATTTG-3Ј Left border primer of plant transformation vector pCAMBIA1390 287-2 5Ј-GCCGTGGATCGATTGATACGA-3Ј Transgenic plant analysis in complementation experiment 287-10 5Ј-TGCTCTAGAGAACTCTATCATCACTCA-3Ј Forward primer for translational construct of MMD1 with GUS 287-11 5Ј-CCGCTCGAGTCCAAAAGATAGTTTTCTTCAGG-3Ј Reverse primer for translational construct of MMD1 with GUS AD4 5Ј-NGTA(G/C)A(G/C)(A/T)GTNA(A/T)CAA-3Ј Degenerate primer for thermal asymmetric interlaced PCR merase incorporating 35 S-UTP with NdeI-linearized pGEMT-MMD1 as a template. An antisense RNA probe was made with SP6 RNA polymerase using NcoI-linearized pGEMT-MMD1. Nuclear localization of the MMD1 protein was tested by transient expression of the MMD1-␤-glucuronidase (GUS) fusion protein. PCR using primers 287-10 and 287-11, which are located immediately upstream of the start codon and downstream of the stop codon, respectively, were used to amplify the full-length cDNA. The MMD1 cDNA was cloned downstream of the 35S promotor of Cauliflower mosaic virus and in frame with the GUS gene in the transient expression vector pBK16. The pBK16-MMD1-GUS plasmid was delivered into onion epidermal cells using a Biolistic PDS-1000/He gene gun system (Bio-Rad). The bombarded samples were kept overnight at 24ЊC and stained for GUS expression with 2 mM 5-bromo-4-chloro-3-indolyl-␤-glucuronic acid at 37ЊC until blue spots appeared.
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Accession Number
The accession number for the MMD1 cDNA is AY158082.
